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the mass, temperature, and body condition scaling of spec-
tral and temporal attributes of the advertisement call of 
the treefrog Hypsiboas pulchellus. Mass dependence of 
call frequency followed metabolic expectations (f~M−0.25, 
where f is frequency and M is mass) although non-meta-
bolic allometry could also account for the observed pattern. 
Temporal variables scaled inversely with mass contradict-
ing metabolic expectations (d~M0.25, where d is duration), 
supporting instead empirical patterns reported to date. 
Temperature was positively associated with call rate and 
negatively with temporal variables, which is congruent with 
metabolic predictions. We found no significant association 
between temperature and frequencies, adding to the bulk of 
empirical evidence. Finally, a result of particular relevance 
was that body condition consistently determined call char-
acteristics, in interaction with temperature or mass. Our 
intraspecific study highlights that even if proximate deter-
minants of call variability are rather well understood, the 
mechanisms through which they operate are proving to be 
more complex than previously thought. The determinants 
of call characteristics emerge as a key topic of research in 
behavioural and physiological biology, with several clear 
points under debate which need to be analysed on theoreti-
cal and empirical grounds.

Keywords Acoustic communication · Anuran · Body 
condition · Metabolic ecology · Scaling

Introduction

Organism body size, environmental and individual temper-
ature, and the physiological state of individuals have been 
identified as the main determinants of sound production 
in several taxa (Prestwich 1994; McLister 2001; Amorim 

Abstract Understanding physiological and environmen-
tal determinants of strategies of reproductive allocation is 
a pivotal aim in biology. Because of their high metabolic 
cost, properties of sexual acoustic signals may correlate 
with body size, temperature, and an individual’s ener-
getic state. A quantitative theory of acoustic communica-
tion, based on the metabolic scaling with temperature and 
mass, was recently proposed, adding to the well-reported 
empirical patterns. It provides quantitative predictions for 
frequencies, call rate, and durations. Here, we analysed 
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et al. 2002). Temperature and body mass have a strong 
effect on many biochemical, physiological and ecological 
processes (McNab 2002; Brown et al. 2004; Sibly et al. 
2012). Indeed, there is a rich literature showing that some 
properties of acoustic signals may be correlated with body 
size or temperature (Ryan 1988; Prestwich et al. 1989; 
Pough et al. 1992; Wells 2007). The mechanisms proposed 
to account for these correlations usually involve the effect 
of temperature and body size on metabolic rate (Robert-
son 1986; Navas 1996; McLister 2001; Gomes et al. 2004; 
Lingnau and Bastos 2007).

Male anurans engage in energetically demanding 
chorusing activity during reproductive events to attract 
females. Sound production in anurans may be among the 
most energetically demanding activities performed by indi-
viduals (Prestwich 1994; McLister 2001). Thus, the repro-
ductive activity of male anurans should be severely limited 
by their metabolic capacity (Wells and Taigen 1984; Moore 
and Hopkins 2009) and their body condition (Judge et al. 
2008; Bertram et al. 2011; Harrison et al. 2013), particu-
larly in those species with prolonged breeding seasons 
(Wells 1977; Bonnet et al. 1998; Jönsson et al. 2009). 
Recently, a quantitative theory describing the body size 
and temperature dependence of acoustic communication 
has been proposed (Gillooly and Ophir 2010). This theory 
stands on well-established principles of animal energet-
ics that link metabolism with body mass, morphology and 
temperature (West et al. 1997; Brown et al. 2004). Essen-
tially, despite debate about the specific exponent values 
(Glazier 2005; White et al. 2006, 2007), it is accepted as 
a general principle that body size and temperature deter-
mine metabolic rate (Gillooly et al. 2001; McNab 2002; 
Sibly et al. 2012). According to the model proposed by 
Gillooly and Ophir (2010), the rates of neuron firing and 
muscle contraction are directly dependent on mass-specific 
metabolic rate (Prestwich 1994; Bennet-Clark and Daws 
1999; Hempleman et al. 2005). Finally, if sound frequency 
is proportional to the vibration frequency of the muscles 
producing the sound, and if call rate is governed by muscle 
contraction rates, a direct connection can be drawn between 
temperature, mass and call structure mediated by changes 
in metabolism (Gillooly and Ophir 2010). These hypoth-
eses and their predictions are summarized in Fig. 1.

The bulk of empirical studies give strong support to the 
influence of both body size and temperature in shaping the 
attributes of advertisement calls in anurans (see reviews in 
Pough et al. 1992; Wells 2001, 2007). The role of a male’s 
body condition and its capacity to allocate energy to this 
often costly behaviour has also been explored, although to 
a lesser extent (Morrison et al. 2001; Voituron et al. 2012; 
Brepson et al. 2013). Patterns have clearly emerged, such 

as the negative relationship between body size and call fre-
quency, or the positive relationship between temperature 
and call rate. However, many contrasting results persist (see 
Table 1 in Electronic Supplementary Material), suggesting 
that more data in a wider range of contexts are needed. The 
typical consideration of each of these putative call deter-
minants one at a time may be one of the main sources of 
heterogeneity in the results, particularly regarding the tem-
perature dependence of call attributes, where body condi-
tion, and thus available resources, could strongly mediate 
this relationship (Luo et al. 2010).

In this sense, some fruitful pathways to advance the 
consolidation of a general theory can be identified. First, 
the theoretical framework of metabolic ecology applied to 
animal communication has so far only been tested at an 
interspecific level (Gillooly and Ophir 2010; Ophir et al. 
2010), despite the fact that some main trends in allometric 
relationships show considerable variation when analysed at 
different taxonomic levels (Nee et al. 1991; Glazier 2005; 
Ginzburg and Damuth 2008). Second, physiological state 
is a main determinant of an individual’s behaviour and 
allocation of resources (Houston and McNamara 1999; 
Clark and Mangel 2000). Individuals of similar body size 
at the same environmental and corporal temperature could 
choose to allocate energy differently as a function of their 
body condition (Humfeld 2013). Finally, most empirical 
reports have focused in one physiological or environmental 
determinant at a time, making it difficult to unify the con-
comitant effect of size, temperature and physiological state 
within and across species.

Adult male Hypsiboas pulchellus (Duméril and Bibron 
1841) are interesting models for the evaluation of intraspe-
cific variation in call structure. Choruses can be found 
throughout the year, without marked seasonality (Canav-
ero et al. 2008). Calling males exhibit a three-fold range 
in body mass (2–6 g), and calling occurs over a broad 
range of temperatures within a single population [7–22 °C 
(Ziegler et al. 2011)]. Finally, males also show a remark-
able variation in body condition among calling individuals. 
Thus, either mass, temperature, or body condition have the 
potential to determine the energetic budget of this species 
and its investment in reproduction (McLister 2001). In this 
study we evaluate the nature of the scaling of call attributes 
in gradients of body size, environmental temperature, and 
body condition.

Materials and methods

We recorded the advertisement calls of 44 male H. pul-
chellus (size range, 1.85–5.25 g; 30.15–46.09 mm) calling 
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within a 13 °C air temperature range (minimum = 7 °C, 
maximum = 20 °C); air temperature measurements were 
taken at the site where each male was calling. Advertise-
ment calls were recorded using a solid state recorder 
(Marantz PMD 661) and a directional shotgun microphone 
(Sennheiser ME66/K6). All recordings were made between 
2200 and 0200 hours, the time range when H. pulchellus 
choruses are denser and more stable, between October 2010 
and April 2011, excluding January and February, when 
conditions are generally too hot and dry for H. pulchellus 
choruses to be active. Calls were saved in.wav format with 
a sampling rate of 44.1 kHz, and 16-bit (mono) resolution. 
After recordings, each male was measured (snout-vent 
length; SVL) to the nearest 0.01 mm and weighed after 

gently applying pressure to its lower abdomen to empty the 
bladder, to the nearest 0.05 g with a Pesola spring scale. 
Recordings were analysed to obtain the dominant fre-
quency of notes 1 and 2, call rate, note duration, inter-note 
interval (INI), and call duration. Detailed descriptions of 
call recording and analysis, as well as a description of the 
advertisement call of this species, are available elsewhere 
(Ziegler et al. 2011). Figure 1 also provides a schematic of 
the different variables used in this article.

All data analyses were done in R (R Core Team 2014). 
Body condition was estimated as the residuals of the allo-
metric relationship between the natural logarithms of body 
mass and SVL [residual or body condition index (RI) 
(Schulte-Hostedde et al. 2005)]. All variables were log 

Fig. 1  Schematic of the hypothesized relationship between mass-
specific metabolic rate and call variables of Hypsiboas pulchellus. 
The equation inside the body of the frog represents the fundamental 
equation from the metabolic theory of ecology (Brown et al. 2004), 
from which specific predictions for acoustic signals (Gillooly and 
Ophir 2010) are derived (also shown in the form of equations). Spe-
cifically, for acoustic communication, Gillooly and Ophir (2010) 
predict that: a both the natural logarithms (ln) of frequency and call 
rate—once corrected for temperature—should be linear functions of 
the logarithm of body size, with −0.25 slopes; b the ln of frequency 
and call rate—corrected for body size—should be linear functions of 
the inverse of absolute temperature [i.e., 1/kT; where k is Boltzmann’s 

constant (8.62 × 10−5 eVK−1)] with a slope close to −0.65, which 
represents the activation energy (Gillooly et al. 2001); c on the other 
hand, the ln of call duration—corrected for temperature—should 
show a linear dependence on the ln of body mass with a slope of 
0.25; and d when call duration is corrected for body mass, it should 
be a linear function of 1/kT with a slope of 0.65. It should be noted 
that the logic behind these predictions is robust to variations in the 
value of the exponents relating metabolism to body size and tempera-
ture. MR Metabolic rate; B/M mass-specific MR; f frequency; r call 
rate; d duration (e.g., call duration, or any other temporal variable). 
Small insets Call bout of H. pulchellus, magnified single call, power 
spectrum
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transformed previous to analyses, with the exception of: 
(1) temperature, which following metabolic theory expecta-
tion was expressed as kT−1, where k is Boltzmann’s con-
stant (8.62 × 10−5 eVK−1), and T is temperature expressed 
in Kelvin degrees; and (2) RI, where body mass and SVL 
had previously been transformed to log scale. Multiple 
regression analyses were used to evaluate the relationship 
between each call variable and body size, temperature and 
body condition. Interactions were allowed to be included 
in the models because energy allocation typically emerges 
from the interaction among these variables. To avoid prob-
lems of colinearity between predictor variables and their 
interactions, the former were rescaled by centering [i.e., 
subtracting the mean (Quinn and Keough 2002)]. The final 
statistical model was identified using the best subset model 
selection implemented by the bestglm package in R soft-
ware (McLeod and Xu 2011) and by ranking models by 
their Akaike information criterion (AIC) indices. Among 
the best models, i.e., without more than two units of differ-
ence in AIC between the best and following models, those 
with significant parameters, without an interaction term and 
with a smaller number of parameters, were preferred. We 
plotted the relationship of each call variable with the pre-
dictor variables included in their respective models. Inter-
action terms were visualized considering lower (0.1) and 
upper (0.9) percentiles of the second factor involved in the 
interaction. This use of percentiles should not be confused 
with confidence intervals. Indeed, they represent the range 
of effects of the interacting variable.

Results

A statistically significant and biologically meaningful 
model was identified for all the variables considered: domi-
nant frequency of notes 1 and 2 (FN1, FN2), duration of 
notes 1 and 2 (DN1, DN2), inter-note interval (INI), total 
call duration, and call rate (Fig. 2). Mass was a significant 
term in all models, with the exception of DN2, where the 
best model did not include body mass. In addition, interac-
tion terms were included in the models for FN1 and FN2, 
DN1. These always involved body condition in interaction 
with either temperature or mass (Fig. 2c; Electronic Sup-
plementary Material, Fig. 1c, f, g). Scaling relationships of 
dominant frequencies followed previous results showing 
a negative association with mass, and a slope not signifi-
cantly different from the predicted value of −0.25 (FN1, 
−0.22; FN2, −0.27; Fig. 2a; Electronic Supplementary 
Material, Fig. 1a). It should be noted that the detected inter-
action between temperature and body condition for spectral 
variables suggests that the lower the temperature the more 
important body condition becomes in determining call fre-
quencies. On the other hand, temporal variables’ slopes 

(DN1, −0.19; INI, −0.21; call duration, −0.25; Fig. 2d; 
Electronic Supplementary Material, Fig. 1g, m) and call 
rate (slope, 1.07; Fig. 2g) showed a scaling pattern with 
body mass different in either sign and/or absolute value 
from previous work (see citations in Electronic Supplemen-
tary Material, Table 1), including predictions derived from 
metabolism. Regarding temperature dependence, only the 
models for spectral variables did not include a tempera-
ture term, which was significant for all other call attributes. 
However, slope values (representing activation energies) 
varied amply, departing from predicted values (DN1, 0.17; 
DN2, 0.25; INI, 0.36; call duration, 0.28; call rate, −0.47; 
Fig. 2e, h; Electronic Supplementary Material, Fig. 1h, k, 
n). Finally, body condition was included in the models of 
six out of the seven response variables (FN1, FN2, DN1, 
INI, call duration and call rate; Fig. 2; Electronic Sup-
plementary Material, Fig. 1), either as a main term and/or 
interacting with other variables. Frequencies, durations and 
call rate all scale with body condition, although some rela-
tionships were marginally significant (Fig. 2c, f, i).

Discussion

Our results highlight a main role of body size, environ-
mental temperature and body condition as determinants of 
call structure in anurans. Further, the effect of these vari-
ables on metabolism, as well as their interactions herein 
reported, appears as a non-exclusive but potential determi-
nant of an individual’s allocation to reproduction and the 
display of different tactics. The observed scaling of call 
frequency with body mass is outstanding, particularly so 
if we consider that these are field measurements (Fig. 2a). 
This scaling of frequencies with exponents almost equal to 
−0.25 supports the hypothesis of a direct effect of mass-
specific metabolic rate on muscle contraction rate and call 
frequency (Gillooly and Ophir 2010). However, while the 
observed exponent strongly supports a metabolic inter-
pretation, scaling in morphology could have the potential 
to account for the observed pattern through alternative 
mechanisms. In fact, length, mass, and tension of vocal 
cords together with other attributes of laryngeal morphol-
ogy, which exhibit allometric relationship with body mass, 
directly affect call spectral attributes (McClelland et al. 
1996; Fitch 2000; McLister 2001; Fletcher 2004). Future 
work should combine metabolic and morphological scal-
ing in structures related to sound production (e.g., Charlton 
et al. 2011; Hall et al. 2013).

Temporal variables showed temperature dependence, in 
agreement with previous empirical reports and theoretical 
expectations. Specifically, the sign of scaling exponents of 
note duration, INI, call duration and call rate followed the 
pattern predicted by Gillooly and Ophir (2010). However, 
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significant deviations from the expected activation energy 
value (EA) occurred [i.e., EA = 0.65 (Gillooly et al. 2001; 
Brown et al. 2004)]. In the light of recent studies support-
ing a large variability on activation energies among taxa, 
functional traits, habitat or motivation, this discrepancy 
could be in fact expected (Dell et al. 2011; Price et al. 

2012). In this context, activation energy could be consid-
ered as a variable trait subject to selection and plasticity 
(Irlich et al. 2009). For example, traits with a strong effect 
on fitness (e.g., avoiding predation) show comparatively 
lower activation energies, loosening thermal dependence 
(Dell et al. 2011). The detection of interactions for the 

Fig. 2  Effects of body size (M), temperature (Temp, 1/kT) and 
body condition (BC) on call parameters. a–c Natural logarithm of 
dominant frequency of the 2nd note (DF~M + BC + Temp:BC; 
R
2
adj = 0.59, p < 0.01); d–f natural logarithm of call duration 

(CD~M + Temp + BC; R2
adj = 0.54, p < 0.01); g–i natural loga-

rithm of call rate (CR~M + Temp + BC;R2
adj = 0.34, p < 0.01). For 

regressions with interaction terms, short-dashed lines indicate the 
0.1 quantile, while long-dashed lines indicate the 0.9 quantile of the 
second variable involved in the interaction. These lines should not 

be mistaken for confidence bands (see main text). Temperature axes 
(1/kT) are shown in degrees Celsius for ease of interpretation, thus 
they increase from right to left. b, e, h Axes indicate temperature in 
degrees Celsius. All models were significant at the 0.05 level; corre-
sponding F-statistics and p-values are shown on the left of the fig-
ure parts. pvar (shown on the right of each figure part) represents the 
p-value for each call variable against either mass, 1/kT, or body con-
dition
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effect of temperature and body condition also supports the 
view of activation energy as a variable dependent on both 
endogenous and exogenous conditions rather than a con-
stant. The importance of calling for reproduction should 
represent a selective pressure to relax its temperature 
dependence, which may be reflected in the lower activation 
energies herein reported. This interpretation is reinforced 
by the reproductive biology of H. pulchellus, which repro-
duces along a remarkably wide temporal (Canavero et al. 
2008) and thermal range (Ziegler et al. 2011).

Spectral attributes were temperature independent (see 
also Ziegler et al. 2011). Previous studies, both theoreti-
cal and empirical, have shown mixed results, with most 
empirical evidence supporting temperature independence 
of call frequency, although a number of studies in anu-
rans have found a positive relationship between these two 
variables (e.g., Sullivan 1989; Sullivan and Hinshaw 1992; 
Gillooly and Ophir 2010; Brepson et al. 2013; Electronic 
Supplementary Material, Table 1). Thus, two ideas could 
emerge from our results. First, several studies addressing 
the mechanical and physiological bases of call attributes 
are in line with a weak association of frequency with mus-
cular activity (McClelland et al. 1996) or metabolic rate 
(McLister 2001). This is because call frequency is related 
to the tension of the vocal cords and cartilage, as well as 
by the presence of tissue accretions (Drewry et al. 1982; 
McClelland et al. 1996). Changes in tension in the former 
may ultimately be derived from muscular activity, but these 
muscles are not the ones involved in active sound produc-
tion [i.e., movement and cycling of air (McClelland et al. 
1996)]. Second, frequency is a key call attribute, which is 
expected to show a fine match between the frequency emit-
ted and the frequency to which the female auditory com-
plex is tuned (Narins et al. 2007; Wells 2007). In this sense, 
it would be expected that organisms exhibited plasticity to 
avoid detrimental shifts associated with passive responses 
to temperature (Ziegler et al. 2011). The significant inter-
action between temperature and body condition determin-
ing call rate and frequency also supports this interpretation. 
At higher temperatures, body condition weakly affects call 
frequency, whereas at lower temperatures a strong and pos-
itive association is observed (Fig. 2). This suggests that the 
organism could be using external (temperature) or internal 
(body condition) resources to fuel call energetic require-
ments. Statistical interactions are often the components of 
regression analysis from which the most biological infor-
mation can be extracted (Underwood 1997). In this sense, 
the present work advances the analysis of the interplay 
between the physical environment and body condition as a 
determinant of plasticity in call attributes.

State-dependent resource allocation to reproduction is 
one of the landmarks of ecophysiology (Karasov 1986; 
Weiner 1992; Clark and Mangel 2000; McNamara and 

Houston 2008). In this sense, all temporal call attributes 
analysed scale with body condition, instead of body mass 
as predicted by metabolic theory. This may indicate that, 
under certain scenarios, body condition could be a more 
relevant determinant of metabolism (White et al. 2007; 
Glazier 2009; Killen et al. 2010) and allocation (Humfeld 
2013) than body size. Notwithstanding the previous consid-
erations, the negative relationship between body condition 
and call rate suggests alternative non-excluding hypotheses 
(Kokko et al. 2002). First, the increase in call rate could 
involve a tactic in which organisms with poor condition 
make a larger effort in reproduction [e.g., terminal effort 
(Candolin 1999; Hall et al. 2009; Brepson et al. 2013)]. 
Secondly, individuals with a low call rate and good body 
condition could be choosing a strategy that maximizes the 
number of days spent calling (Brepson et al. 2013). Indeed, 
in some amphibians the number of days actively calling is 
the main determinant of reproductive success (Green 1990; 
Sullivan and Hinshaw 1992; Mitchell 2001). Thirdly, this 
causal mechanism could operate inversely. Calling is a 
very expensive activity and after calling for some days an 
individual’s condition has been observed to significantly 
decline (Schwartz et al. 1995; McCauley et al. 2000; Cas-
tellano et al. 2009). As a consequence, the better condition 
observed in individuals with lower call rates could just 
reflect the low investment in reproduction devoted by these 
individuals.

Once this key role of body condition is endorsed, cave-
ats regarding the methodological approach used for its 
estimation should be considered. Several indices for the 
estimation of body condition have been proposed, with-
out a clear consensus on their suitability (e.g., Jakob 
et al. 1996; Schulte-Hostedde et al. 2005; Peig and Green 
2009). Despite methodological differences, all such indi-
ces rely in some kind of relationship between a measure of 
body length and mass, and, as a result, there is correlation 
among them. Further, on statistical grounds, any such index 
should be independent of both mass and length. In our data, 
residuals were independent of an individual’s size (body 
length). However, they were correlated with body mass, as 
were alternative measures of body conditions [body condi-
tion index (Peig and Green 2010; data not shown]. Conse-
quently, for the present study the effect of body condition 
cannot be fully uncoupled from a body size effect. How-
ever, because reserves are necessarily linked to body mass, 
we have good reasons to expect that the index herein used, 
which reflects the relative fatness of individuals, is a reli-
able condition indicator. Finally, the identification of non-
destructive methods to assess body condition that clearly 
distinguish between body mass and energy stores are still 
much needed, but are beyond the scope of the present study.

Even if the main determinants of call variability have 
been identified and are rather well understood (reviewed 
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in Pough et al. 1992; Wells 2007), the mechanisms 
through which they operate are only recently starting to 
be addressed (Gillooly and Ophir 2010; Ophir et al. 2010; 
Hayward et al. 2012). The relationship between spectral 
and temporal attributes, the duration of calling activity 
(e.g., number of days and hours within days calling), and 
female preference in mate choice in H. pulchellus have not 
been addressed. However, all these attributes of male call-
ing behaviour have been identified as important determi-
nants of male reproductive success in amphibians (Gerhardt 
and Huber 2002; Gerhardt and Bee 2007). Consequently, 
our results support a role of metabolism in determining 
male H. pulchellus call characteristics. However, the detec-
tion of alternative mass scalings, the effective role of body 
condition and its interactions, point to further mechanisms 
besides those proposed by recent metabolic derivation. This 
article attempts to advance the interplay between theo-
retical and empirical approaches that fuel healthy science 
(Marquet et al. 2014).
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